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ACTIVE CONTINUOUS-TIME FILTER WITH INCREASED DYNAMIC 
RANGE IN THE PRESENCE OF BLOCKER SIGNALS 

SPECIFICATION 

RELATED APPLTCATTON 
5 This application claims priority from provisional U.S. Application No, 

60/243,939 ffled October 27, 2000, which is incorporated herein by reference. 

BACKGROUND OF INVHNTTON 
Radio communication receivers must receive desired signals at 
predetermined frequencies while filtering out imdesired signals at other frequencies. 

10 The undesired signals can haye a much larger signal strengtii than the desired signals. 
These undesired signals are called 'Wockers" and are problematic because the filter 
that removes them must operate in its linear region to avoid distortion, Therefore, the 
maximum amplitude of aU signals applied to the filter mput must be Iknited so that 
the blocker signals do not cause saturation, cUpping or subtler forms of distortion such 

15 as intermodulation (a typical measure of which is out-of-band third order input 

intercept point or HPS) in the filta:. Consequently, the strength of the entire range of 
signals to be processed, including the blocker signal and the desired signal, must be 
appropriately limited. This means that the desired signal, which can be orders of 
magnitude smaller than the blocker signals, will be limited to an extremely small 

20 amplitude and can fall below the noise floor of the filter. 

To keep the signal-to-noise ratio within a reasonable range, the noise 
of the filter, which is advantageously implemented as an integrator circuit, must be 
kept extremely low wliich can result in a large chip area and have large power 
dissipatioiL Accordingly, it is difiScult to implement these filters on an integrated 

25 circuit chip, necessitating the use of other technologies which can have penalties in 
terms of cost and size. 

One technique known in the prior art to construct a radio 
conmiunication receiver is the active RC technique as described in Mihai Banu & 
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Yarmis Tsividis, An Elliptic Continuous-Tmie CMOS Filter with On-Chip Automatic 
Tuning , SC-20 BEEE Journal of Solid-State Circuits, 1114, 1114-1121 (Dec. 1985). 
This technique employs fully-balanced integrator stages, each stage consisting of 
resistors, capacitors and operational ampUJ&ers. Fully-balanced operation, which 
5 means that each integrator has two output terminals where the signals at each output 
' teiminal are identical in magnitude to one another, but have opposite polarity, 
improves the filter's common-mode interference rejection performance. Because the 
j&equeacy response of an active filter designed in this fashion depend on the 
resistance and capacitance values of the chip components, and because those values 

10 may vary due to fabrication tolerances and temperature variations, a technique was 
described for making the resistors in the active filter tunable to compensate for 
unwanted variations in the firequency response of the filter. Specifically, the prior art 
describes all of the resistance element in the active filter being embodied as 
MOSFETs operating in their triode or nonsaturation region, designed and biased to 

1 5 fiinction as variable resistors whose resistance is tuned by the gate voltage ^plied to 
the MOSFETs. This technique suffers from the disadvantage that large blocker 
signals present at the input of the active filter may force the MOSFETs that are 
functioning as variable resistors into a non-linear region of operation, thereby causing 
distortion in the signals present at the output of the active filter, as previously 

20 described. 

SUMMARY OF TtlE INVENTION 
It is an object of the present iavention to process the desired signal and 
reject blocker signals without excessive power dissipation or chip area. The object is 
achieved by the introduction of linear resistance elements to the input stage of the 

25 active filter. The response of the fixed-value resistors at the input stage remains finear 
despite the large blocker signals at the input of the filter. The blocker signals are 
sufficiently attenuated by the input stage so that subsequent MOSFETs are not forced 
into a non-linear region of operation by the blocker signals. A gain compensation 
stage is added to the active filter to ofiset any changes to the gain of the filter caused 

30 by the use of both the linear resistance and the variable MOSFET resistance elements. 
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la one exf^mplary embodiment of the present invention, an active filter 
is provided having a first fiiUy balanced active integrator with linear resistance 
elements such as fixed value resistors at the input stage, at least one intermediate fiilly 
balanced active integrator with variable value resistors at the mput stage and a 
5 variable gain output stage compensating for the gain variation caused by the mismatch 
of the fixed value resistors to the variable value resistors. 

In another exemplary embodiment, the fixed resistors are polysilicon 

resistors. 

In another exemplary embodiment, the variable resistors are tunable 
10 metal oxide silicon field effect transistors (MOSFETs). 

In a fiirther exemplary embodiment, the gain of the variable gain 
output stage corresponds to the ratio of the resistances of the linear resistors and the 
variable value resistors. 

In a still fiirther exemplary embodiment,, the active filter includes a 
15 phase equalizer circuit cormected to the filter output. 

In yet another exemplary embodiment, the active filter includes 
coupUng capacitors interconnecting the various integrator stages. 

BRIEF DESCRIPTION OF THE DRAWTNGS 
Fig. 1 is a circuit diagram illustrating an exemplary embodiment of the 
20 present invention. 

Fig. 2 is a circuit diagram illustrating an implementation of a fiiUy 
balanced amplifier usefiil in the embodiment illustrated in Fig. 1 . 

Fig. 3 is a block diagram of a circuit usefiil as a gate voltage source for 
the variable resistors illustrated in Fig. 1 . 
25 Fig. 4 is a circxiit diagram of a one-quarter frequency divider usefiil in 

the circuit of Fig. 3. 

Fig. 4A is a circuit diagram of a voltage converter usefiil in the circuit 

of Fig. 3. 

Fig. 5 is a circuit diagram of a reference filter usefiil in the circuit of 

30 Fig. 3. 
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Fig. 6 is a circuit diagram of a voltage multiplier useful in the circuit of 

Fig. 3. 

Fig. 7 is a circuit diagram of a low-pass filter useful in the circuit of • 

Fig. 3. 

5 Fig. 8 is a circuit diagram of a charge pump useful in the circuit of Fig. 

3. 

Fig. 9 is a circuit diagram of a phase equalizer circuit useful at the 
output of the circuit illustrated in Fig. 1. 

DESCRIPTION OF THE EXE MPLARY EMBODTA/rP.NTS 
10 In Fig. 1 an exemplary embodiment of a low-pass filter in accordance 

with the invention for a direct conversion or zero intennediate firequency receiver is 
illustrated. The embodiment described has a cut-off firequency of 1.92 MHz, in-band 
gain of 8.5 dB and out-of-band rejection at 10 MHz of 64 dB. 

In operation, fully balanced input signals are applied at input terminals 
15 1 and 2 of the filter. For purposes of this specification and claims, fully balanced 
means the signals at each input terminal of a circuit are identical in magnitude to one 
another except have opposite polarity ft^ the signals are 180° out of phase with 
respect to .one another), and the signals at each output terminal of the circuit are 
identical to one another except have opposite polarity. The input signals pass through 
20 first fully balanced integrator 72 which consists of linear (e.g. fixed value) resistors 3 
and 4, fully differential amplifier 8, linear capacitors 7 and 9, variable resistors 37, 38, 

39 and 40. Fully differential amplifier 8 has a non-inverting input 5, an inverting input 
6, a inverting output 10 and a non-inverting output 11. Fully differential amplifier 8 is 
described in detail herein with reference to Fig. 2. Linear capacitor 7 and variable 

25 resistor 39 are connected in parallel between the non-inverting input 5 and the 

inverting output 10 of amplifier 8. Similarly, linear capacitor 9 and variable resistor 

40 are connected in parallel between the inverting input 6 and the non-invertiug 
output 11 of amplifier 8. Linear resistors 3 and 4 are preferably polysilicon resistors 
with nominal resistance of 5 kQ. Variable resistors 37, 38, 39 and 40 are preferably 

30 MOSFETs operating in the triode or nonsaturation region each designed and biased at 
its gate terminal to have a nominal resistance of 5 kQ. The gate voltage Vq of the 
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MOSFET transistors controls the channel resistance of the MOSFET devices, causing 
them to fimctibn as voltage controlled resistors. Gate voltage Vq of variable 
MOSFET resistors 37, 38, 39 and 40 is discussed in detail herein with respect to Figs. 
3-8. Linear capacitors 7 and 9 are preferably composed of polysilicon plates and each 
5 have a capacitance of 17.7 pF. 

After passing through mtegrator 72, the blocker signal is partially 
attenuated in the fully balanced output signals present at output nodes 1 0 and 1 1 . The 
output signals of the integrator 72 are then applied to a first intermediate fiilly 
balanced active integrator 71, first passing through variable resistors 12 and 13. 

10 Variable MOSFET resistors 12 and 13 are implemented identically to variable 

MOSFET resistors 39 and 40. The signals then pass through balanced amplifier 17 
and linear capacitors 16 and 18. Fully balanced amplifier 17 is identical to fully 
balanced amplifier 8. Linear capacitors 16 and 18, like linear capacitors 7 and 9, are 
preferably formed with polysilicon plates, each having a capacitance of 23 .7 pF. 

15 The fijTst intermediate integrator stage 71 provides fully balanced 

output signals at terminals 19 and 20 with the blocker signal further attenuated. The 
signals then enter a second intermediate integrator 21, identical to the first 
intermediate integrator 71 but with linear feedback capacitors 65 and 66 each having a 
capacitance of 35.3 pF. The signals at terminals 19 and 20 are applied to the second 

20 intermediate integrator 21 at variable MOSFET input resistors 77 and 78, 

respectively, which are connected to the inverted input 82 and the non-invertied input 
81 of fully balanced amplifier 89 of the second intermediate integrator 21, 
respectively. The second intermediate integrator 21 provides fiilly balanced output 
signals at terminals 5 1 and 52 with the blocker signal further attenuated. The signals 

25 at terminals 5 1 and 52 are the applied to a ttiird intermediate integrator stage 22, 
ideutical to second intermediate integrator stage 21. The signals at terminals 51 and 
52 are received by the third intermediate integrator 22 througih variable MOSFET 
input resistors 85 and 86, respectively, which are connected to the inverted input 87 
and the non-inverted input 88 of fiilly balanced amplifier 90 of the integrator 22, 

30 respectively. The third intermediate integrator 22 provides fiilly balanced output 
signals at terminals 53 and 54 with the blocker signal fiirther attenuated. 
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The signals at terminals 53 and 54 are applied to a final integrator 23 
through variable MOSFET resistors 56 and 55, respectively, which are connected to 
the inverted input 60 and the non-inverted input 59 of the fully balanced amplifier 91 
of the integrator 23, respectively. The final integrator 23 is identical to the initial 
5 integrator 72, but with variable MOSFET resistors 55 and 56 at the input stage rather 
than fixed value resistors 3 and 4 and with feedback linear capacitors 70 and 71 each 
having a capacitance of 17.7 pF. The signals provided by the final integrator stage are 
fully balanced signals present at terminals 26 and 27. At this stage, the blocker signal 
will be nearly completely eliminated from the output signal. However, because linear 

1 0 resistors 3 and 4 have a different physical structure than that of the MOSFETs, there 
is no correlation between the values of the fixed resistors and the values of the 
variable resistors (i.e. the MOSFETs) over fabrication tolerances and temperature 
variations, which can cause undesired variations of filter gain. Consequently, a 
variable gain output stage 57 is utilized to compensate for the undesired gain 

15 variation. 

The signals at terminals 26 and 27 enter variable gain output stage 57 
through variable MOSFET resistors 28 and 29, each havmg a nominal resistance of 5 
kQ. The signals then pass through amplifier 33 having linear feedback resistors 32 
and 34. Linear resistors 32 and 34 are selected to offset the effect variation caused by 

20 linear resistors 3 and 4. In fho exemplary embodiment illustrated in Fig. 1, it can be 
shown that the gain of the active filter 100 is proportional to the resistance of the 
linear output resistors 32 and 34 and inversely proportional to twice the resistance of 
the linear input resistors 3 and 4. Accordingly, resistors 32 and 34 are preferably 
polysilicon resistors with nominal resistance of 10 k^ which ensures the nominal gain 

25 of the filter is 0 dB. The non-inverting and inverting outputs of amplifier 33 are 

connected to the non-inverting and inverting outputs 36 and 35 of the active filter 100. 

As can be seen in Fig. 1, the exemplary embodiment utilizes four 
coupling capacitors 43A, 43B, 43C, 43D connected between tenninals 6 and 44, 5 and 
45, 1 1 and 46, and 10 and 47, respectively, and four coiq)ling capacitors 58A, 58B, 

30 58C, 58D connected between tenninals 44 and 60, 45 and 59, 46 and 27, and 47 and 
26 respectively. Adjusting the capacitance of these coupling c^acitors 
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correspondingly adjusts placement of the transmission zeros on the frequency 
response plot of the fQter. In an exemplary embodiment, the two groups of coupling 
capacitors 43A, 43B, 43C and 43D, and 58A, 58B, 58C and 58D each consist of 
polysilicon plate capacitors, where the c^acitors of the first group 43 A, 43B, 43C 
S and 43D each have a capacitance of 2.46 pF and the c^acitors of the second group 
58A, 58B, 58C and 58D each have a capacitance of 0.904 pF. 

Additionally, as can be seen from Fig. 1, the integrators 72, 71, 21 and 
22 each have a second set of signal iiq)uts for accepting the feedback signal from the 
output of the subsequent integrator. Specifically, variable MOSFET resistors 37 and 

10 38 comiect the inverted and non-inverted output of the second integrator 7 1 at 

terminals 19 and 20, respectively, to the non-inverting and inverting inputs of the first 
fiiUy balanced amplifier 8 at terminals 5 and 6, respectively. Consequently, the 
signals present at the inverted and non-inverted output terminals 10, 11 of the fiiUy 
balanced amplifier 8 of the integrator 72 represent the integral of the sum of the two 

15 input signals (i.e. the balanced primary input signals present at terminals 1, 2 and the 
balanced feedback input signal present at terminals 19, 20). In a similar fashion, 
variable MOSFET resistors 41 and 42 connect the inverted and non-inverted outputs 
of the amplifier 89 of the third integrator 21 at terminals 51 and 52, respectively, to 
the non-inverting and inverting mputs of the amplifier 17 of the second integrator 71 

20 at terminals 14 and 15, respectively. Further, the inverted and non-inverted outputs of 
amplifier 90 of integrator 22 at terminals 53 and 54, respectively, are fed back through 
variable MOSFET resistors 79 and 80, respectively, into the non-inverted and 
inverted inputs 81 and 82 of fiilly balanced amplifier 89 of integrator 21, respectively, 
and the inverted and non-inverted outputs of fiiUy balanced amplifier 91 of integrator 

25 23 at terminals 26 and 27, respectively are fed back through variable MOSFET 

resistors 83 and 84, respectively, into the non-inverted and inverted inputs 88 and. 89 
of the fixUy balanced ampHfier 90 of integrator 22, respectively. All MOSFET 
variable resistors 12, 13, 24, 25, 28, 29, 37, 38, 39, 40, 41, 42, 55, 56, 77, 78, 79, 80, 
83, 84, 85 and 86, in circuit 100 are preferably identical. In the exemplary 

30 embodiment shown in Fig. 1, all variable resistors are n-channel MOSFETS. 
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Refeiring now to Fig. 2, an exemplary embodiment of the fully 
balanced amplifier 8 used in the filter 100 illustrated in Fig. 1 is shown. Other 
amphfiers 17, 89, 90, 91 and 93 illustrated in Fig. 1 have identical structures. The 
operation of fully balanced amplifier 8 will be apparent to one of ordinary skill in the 
5 art. 

Input signals are is ^pUed to the non-iaverting and inverting inputs of 
the fully balanced amplifier 8 at terminals 101 and 103, respectively, which voltages 
are in turn applied to the base terminals of npn bipolar jimction transistors (BJT) 113 
and 115. The emitter terminals of transistors 113 and 1 1 5 are tied together at node 

10 1 17 and connected to the drain of an n-channel MOSFET cxmrent source 109 having 
its source terminal connected to ground 105. The collector terminals of transistors 
113 and 1 15 are tied to the drain terminals of p-channel MOSFETs 127 and 129 
respectively at nodes 131 and 133. The gate terminals of transistors 127 and 129 are 
connected together at node 135. 

15 Node 131 is connected to the base terminal of npn BJT 123. The 

emitter terminal 1 12 of transistor 1 23 is tied to the drain terminal of a MOSFET 
current source 107, which in turn has its source temiinal coimected to ground node 
105. Terminal 1 12 also serves as a first (non-inverted) fully balanced output terminal. 
Similarly, node 133 is connected to the base terminal of npn BJT 125. The emitter 

20 terminal 1 14 of transistor 125 is tied to the drain terminal of an n-channel MOSFET 
current source 111, having its source terminal connected to ground node 105. 
Terminal 1 14 also serves as a second (inverted) fully balanced output terminal of the 
amplifier 8. 

The source terminals of transistors 127 and 129 are tied together at 
25 supply voltage node 137. The collector terminals of transistors 123 and 125 are also 
comiected to supply voltage node 137. 

Amplifier 8 employs a common mode feedback servo circuit 160. 
Two npn BJTs 145 and 149 have their emitter tenninaljs tied together at node 151 
which is connected to the drain terminal of an n-channel MOSFET current source 
30 110, which has its source terminal connected to ground node 105. The base terminal 
153 of transistor 145 is connected to the juncture of resistors 141 and 143, each with a 
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nominal resistance of 40 kf2. Resistor 141 is connected between base terminal 153 of 
transistor 145 and inverted output terminal 114 of amplifier 8, while resistor 143 is 
connected between base terminal 153 of transistor 145 and non-inverted output 
terminal 1 12 of amplifier 8. The collector terminal of transistor 145 is connected to 
5 . supply voltage node 137. 

The base terminal 155 of transistor 149 is connected to an external 
voltage source, not shown. The collector terminal of transistor 149 is connected to the 
drain terminal of p-channel MOSFET 147. The drain terminal of transistor 147 is 
also tied to gate terminal 135 which, as previously noted, is tied to the conamonly 

10 coimected gate terminals of transistor pair 127 and 129. The source terminal of 
transistor 147 is connected to voltage supply node 137. Voltage source 139 is 
, connected between ground node 105 and voltage supply node 137. 

During operation, the amplifier 8, amplifies the fiilly balanced input 
signals present at t^iiinals 101 and 103, and provides fiilly balanced ampUfied 

1 5 signals at terminals 112 and 1 14 respectively. The non-inverted and inverted output 
signals at terminals 1 12 and 1 14 are preferably identical in magnitude but have 
opposite polarity (i^ the output signals are 180® out of phase with respect to one 
another). The average of the signals present at terminals 1 12 and 114 at any time is 
set by the voltage present at terminal 155, which in an exemplary embodiment is 

20 1.5V. 

To ensure that the MOSFBTs of the filter 100 of Fig. 1 are operating 
deep within their triode regions of operation and are thus acting as linear gate voltage 
controlled variable resistors in the circuit of Fig. 1, it is necessary for the gate voltage 
Vg applied to the MOSFETs acting as variable resistors to be approximately 4V when 

25 the nominal channel resistance of the variable MOSFET resistors is 5 kQ, the channel 
width is 1 8tim, the channel length is 10 nm and source and drain voltages are 1 .5V 
using a common 0.8 \im BiCMOS technology. Because the supply source available in 
most low-power wireless applications is a low voltage battery cell, such as a lithium- 
• ion cell that provides a supply voltage of 2.7V, a circuit is needed to boost the control 

30 voltage which drives the gates of MOSFETs in the filter. Additionally, the circuit 
supplying Vq will also control the frequency response of the overall active filter by 
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adjusting the resistance of the MOSFET variable resistors, consequently a tuning 
circuit is needed to control Vq and thereby the cutoff frequency. Fig. 3 shows a 
turdng circuit suitable for controlling the gate voltage of the variable MOSFET 
resistors shown in Fig. 1 . 
5 Referring to Fig. 3, an external reference clock 180 supplies a signal to 

a Vi frequency divider 181, which buffers the rest of the tuning circuit from the clock, 
thus making the tuning circxiit insensitive to the reference clock voltage level. The Vi 
frequency divider 1 8 1 is discussed in detail herein with reference to Fig. 4. The 
output of the Va frequency divider 187 is supplied to a reference filter 182, a voltage 

10 miiltiplier 183 and a voltage level conversion circuit 1 89, the output of which is fed 
into charge pump circuit 186. In an exemplary embodiment, the reference filter 182 
selected is a second order MOSFET-C Butterworth low-pass filter with a cut off 
frequency of 3.84 MHz, which ensures that the frequency comparison is performed 
outside the passband of the active filter the circuit is intended to tune. The reference 

15 filter 182 is described in detail herein with reference to Fig. 5. 

The output of the reference filter 182 is also supplied to voltage 
multipUer 183. The output of voltage multiplier 183 is passed through a loop filter 
184, which removes high frequency signals generated by the voltage multipUcation 
and allows a DC voltage to pass to charge pump 186. The voltage multiplier and low- 

20 pass filter are discussed in detail herein with reference to Fig. 6 and Fig. 7, 

respectively. Charge pump 186, described in detail below with reference to Fig. 8, 
boosts the voltage present at its input 185 to generate a sufficient Vq at terminal liSB 
to tune the MOSFETs acting as variable resistors in the active filter 100 shown in Fig. 
1. The output of the charge pump 188 is fed back to the reference filter 182, ensuring 

25 the Vo output 188 will vary with temperature changes so as to maintain the desired 
frequency response of the main active filter 100 shown in Fig. 1. 

Referring to Fig. 4, an exemplary embodiment of the Va firequency 
divider 181 of Fig. 3 is illustrated. The output of reference clock 180 of Fig. 3 is 
applied to non-inverting and inverting input terminals 404 and 406, respectively, of 

30 the Va frequency divider. In the exemplary embodiment, reference clock 1 80 of Fig. 3 
is set to output a clock signal with frequency 15.36 MEIz at 100 mVpp. The input 
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clock signal enters a &st flip-flop based digital divider 400. The operation of digital 
divider 400 is well knowi to one of ordinary skill in the art. The input clock signals 
at terminals 404 and 406 are divided in jfrequency by digital divider stage 400, and the 
non-inverted and inverted outputs of the divider stage 400 are provided at terminals 
5 410 and 412, respectively. The frequency ofthe output signals at temiinals 410 and' 
412 are one half the frequency of the input clock signals at terminals 404 and 406. 
The balanced signals at terminals 410 and 412 then enter a second digital divider 
stage 402, identical to first digital divider stage 400. The second digital divider stage 
402 provides non-inverted and mverted output signals at terminals 414 and 416, 

10 respectively, where the output signal frequency is % of the frequency of the input 
clock signals present at terminals 404 and 406. In the exemplary embodiment, Vcc is 
2.7 V and the output signal amplitude will typically be 400mVpp. 

In Fig. 4A, an exemplary embodiment of a level conversion circuit is 
shown. The signals present at the non-inverted and inverted outputs 414 and 416 of 

15 the Va frequency divider of Fig. 4., respectively, enter the level conversion circuit at 
input terminals 418 and 420. The signals at input terminals 418 and 420 are apphed 
to the gate terminals of two p-channel MOSFET transistors 436 and 434, respectively. 
The drain terminals of transistors 436 and 434 are connected to the drain terminals of 
two n-channel MOSFET transistors 438 and 440, respectively, each having its 

20 substrate and source terminals coimected to ground node 424. Additionally, the gate 
terminals of the transistors 438 and 440 are both connected to the drain terminal of 
transistor 438. The substrate terminals of input transistors 434 and 436 are each 
connected to supply voltage node Vaa 428, while the source terminals of both input 
transistors 434 and 436 are tied to the drain terminal of p-channel MOSFET 430. Hie 

25 source and substrate terminals of transistor 430 are, in turn, connected to Vaa supply 
voltage node 428, while the gate terminal of transistor 430 is coimected to received a 
bias voltage Vwas at terminal 426. The respective drain terminals of transistors 440 
and 436 both are tied to the gate terminal of n-channel MOSFET 442, which has its 
source and substrate terminals tied to ground node 424. The drain terminal of 

30 transistor 442 is tied to the drain teniiinal of p-chaimel MOSFET 432, which, in turn, 
has its substrate and source temunals tied to Vdd supply voltage node 428 and its gate 
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tenninal tied to Vwas terminal 426. The voltage at the Vbias terminal 426 may be 
generated by a voltage divider circuit between Vdd supply voltage node 428 and 
ground node 424. The voltage at Vwas terminal 426 is selected to ensure that 
approximately 10\xA of current flows through MOSFET 430. The junction of the 
5 drain terminals of transistors 442 and 432 serves as an output tenninal 422 of the 
voltage level converter. This signal present at this output terminal serves as the clock 
for the charge pump described herein with reference to Fig. 8. 

In Fig. 5 an exemplary embodiment of the second order MOSFET-C 
Butterworth low-pass reference filter 182 shown in Fig. 3 is illustrated. The 

10 respective output signals from the Va frequency divider 181 shown in Fig. 3 and Fig. 4 
are present at the non-inverting and inverting input terminals 500 and 501 of reference 
filter 182. The input signal at the non-inverting input terminal 500 passes through a 
variable n-channel MOSFET resistor 502 and is applied at node 508, while the input 
signal at the inverting input terminal 501 passes through a variable n-channel 

15 MOSFET resistor 504 and is applied at node 506. The respective resistances of the 
MOSFET resistors 502 and 504 are both controlled by voltage Vq appHed to their 
respective gates as previously described. The signal then enters fiilly differential 
amplifier 514, feedback capacitors 512 and 516 and variable n-channel MOSFET 
feedback resistors 510 and 518. Capacitors 512 and 516 are preferably fabricated in 

20 the same maimer as the linear capacitors in the active filer 100 shown in Fig. 1^ and 
each has a capacitance of 5.62 pF. Differential amplifier 514 is identical to the 
amplifiers used in the active filter 100 illustrated in Fig. 1 . 

The signal present at nodes 506 and 508 are also connected to variiable 
n-channel MOSFET feedback resistors 522 and 524, respectively. MOSFET 

25 feedback resistor 522 is connected between node 506 and inverted output terminal 
538 of reference filter 182, while MOSFET feedback resistor 524 is comected 
between node 508 and non-inverted output tenninal 539 of reference filter 182. 

After passing through the first integrator stage, the signal present at 
node 520 passes through variable n-channel MOSFET resistor 528 to node 530, while 

30 the signal present at node 521 passes through variable n-channel MOSFET resistor 
526 to node 531. The balanced signal then enters differential ampUfier 535 and Unear 
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feedback capacitors 533 and 534. Capacitors 533 and 534 are also preferably 
fabricated in the same manner as the linear capacitors in the active filter 100 shown in 
Fig. 1 , and each has a capacitance of 1 1 .25 pF. The fiilly differential amplifier 535 
provides its inverted and non-inverted outputs at nodes 536 and 537, respectively. 
5 Nodes 536 and 537 are tied to output terminals 538 and 539 of the reference filter 
182, respectively. 

In Fig. 6, an exemplary embodiment of the voltage multiplier 183 for 
use in the circuit of Fig. 3 is illustrated. The operation of the voltage multiplier is 
well known to one of ordinary skill in the art. The non-mverted and inverted signal 

10 ou^uts firom the MOSFET-C reference filter 1 82 shown in Fig. 3 and Fig. 5 enters the 
voltage multiplier at terminals 552 and 553, respectively. The non-inverted and 
inverted output signals fix)m the Va firequency divider 181 shown in Fig. 3 and Fig. 4 
enters the voltage multiplier at terminals 550 and 551, respectively. The respective 
products of the two non-inverted and the two inverted input voltage signals are 

15 provided at output temunals 554 and 555, respectively. 

In Fig, 7, an exemplary embodiment of the loop filter 184 for use in the 
circuit of Fig. 3 is illustrated. The loop filter is a common one pole low-pass filter, 
well known to one of ordinary skill in the art. The non-inverted and inverted output 
signals firom the voltage multiplier 183 shown in Fig. 3 and Fig. 6 are present at input 

20 terminals 600 and 601, respectively. The low-pass filter shown in Fig. 7 filters the 
input signals to remove unwanted high firequency components generated by the 
voltage multiplier and to leave a DC voltage Vg required for tuning the MOSFET 
variable resistors shown in Fig. 1. The filtered signal appears at a single ended output 
terminal Vin 1 85 as shown in Figs. 3 and 8. 

25 Referring to Fig. 8, an exemplary embodiment of a charge pxraip 

circuit usefiil in the tuning system of Fig. 3 is shown. The charge pump is based on 
the Dickson multiplier well known to one of ordinary skill in the art. J,F. 
Dickson, On-Chin High Voltage Generation in NMOS Integrated Circuits Using an 
Improved Voltage Multiplier Technique, IEEE Journal of Solid-State Curcuits, June 

30 1976, at 374, which is incorporated herein by reference. The voltage signal at 

terminal 1 85 firom tiie output of the low-pass filter 1 84 shown in Fig. 3 and Fig. 7 is 
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applied to the non-inverting input terminal of a conventional opamp 207. The 
inverting input terminal of opamp 207 is tied to its output terminal 205, which is in 
turn coimected to the emitter terminal of diode-connected npn BJT 211 and to the 
input terminal of an inverter 255 whose output is connected to the gate terminal 256 
5 of p-channel MOSFET 257. The base and collector terminals of transistor 21 1 are 
connected to the drain terminal of p-channel MOSFET 257. The gate terminal 256 of 
MOSFET 257 is biased with the inverse of the DC feed-back voltage of opamp 207 
via inverter 255, which turns on MOSFET 257 to provide a current for the diode 
connected transistor 21 1, the drain and substrate terminals of MOSFET 257 being 

10 connected to Vcc supply voltage node 258, which is nominally at 2.7 V. The currents 
leaving the emitter terminal of transistor 211 and output terminal 205 of opamp 207 
pass through a resistor 203 to the ground node 201. This arrangement produces 
approximately 20 fxA of current through the drain terminal of MOSFET 257 when 
node 205 is nominally set to 0.5 V and resistor 203 is 25 kQ. 

15 The voltage at node 213 is applied to the collector and base terminals 

of diode-connected npn BJT 233, The emitter of transistor 233 is connected to &st 
charge pump stage consisting of a diode connected BJT 235 and a capacitor 243. 
Node 213 is also connected to source temunals of p-charmel MOSFETs 223 and 231 
of inverters formed by n-channel and p-channel MOSFETs pairs 221, 223 and 227, ■ 

20 23 1 , respectively. The gate terminals 422 of MOSFETs 221 and 223 are connected to 
the output of voltage level converter 189 shown in Fig. 3 and Fig. 4A. The amplitude 
of the signal entering terminal 422 from the voltage converter 189 is CMOS level, and 
the frequency of the signal is 3.84 MHz. The drain terminal of p-channel MOSFET 
223 is coimected to the drain tenninal of n-chamiel MOSFET 221 at node 225. Node 

25 225 is tied to the gate terminals of n-chaimel and p-channel MOSFET transistors 227 
and 231, respectively. The drain terminal of p-channel MOSFET 231 is connected to 
the drain terminal of n-chaimel MOSFET 227 at node 229. The source terminals of n- 
channel MOSFETs 221 and 227 are each tied to the ground node 201 . 

MOSFETs 221, 223 and 227 and 231 function as two inverter circuits 

30 connected in series which work as an amplitude regulator to control the amplitude of 
the input signal applied to node 422 sp that the resulting charge-pump output voltage 
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can be defined by the formula: VG=(n+l)Vin, where Vq is the gate voltage applied to 
the gate terminals of the variable MOSFET resistors shown in Fig. 1, n is the number 
of charge pump stages plus one and Vin is the signal present at input terminal 185. 

Node 225 is connected to the capacitors of the odd numbered charge 
5 pump stages.* Thus, in the exemplary embodiment where n equals seven and there are 
six charge pump stages, node 225 is connected to capacitors Ci 243, C3 (not shown), 
and C5 245. In contrast, node 229 is connected to the capacitors of the even numbered 
charge pump stages. Thus, in the exemplary embodiment described, terminal 229 is 
connected to capacitors C2 244, C4 (not shown), and Ce 247. Each charge pump stage 

10 capacitor 243, 244, 245 and 247 has a capacitance of 0.5 pF. 

The charge pump capacitors in turn are also connected to the collector 
and base terminals of the diode coimected BJTs 235, 237, 239, and 241 . Thus, Ci 
243, is cormected to node 261, C2 is connected to node 259, C3 and C4 and their 
associated diode connected BJTs are not shown, C5 245 is connected to node 257 and 

15 Ce is coimected to node 255. The diode connected BJTs are coimected in series, with 
emitter terminal of BJT 235 coimected to collector and base terminals 259 of BJT 237 
and so on with the emitter terminal of final stage BJT 241 connected to terminal 253 
which provides the desired Vq pu^ut voltage. Output voltage terminal 253 is also 
connected to capacitor C7 249, having a capacitance of 10 pF, and the drain taminal 

20 of an n-channel MOSFET active load 25 1 , which provides a discharge path for the 
pull-down operation of the charge-pump. The soirfce terminal of the MOSFET load 
251 is connected to the ground node 201. The gate terminal of transistor 251 is 
connected to the gate and drain terminals of an n-chaimel MOSFET 270 at node 271. 
Node 271, in turn, is connected to terminal 272 for receiving Vbias through a resistor 

25 272. . The voltage Vwas may be generated by a voltage divider circuit between the Vcc 
voltage supply node 258 and ground node 201. The voltage Vwas is selected to ensure 
that approximately lOjiA of current flows ttirough MOSFET transistor 270 

In the exemplary embodiment of the charge pump shown -in Fig. 8, 
polysilicon to polysilicon or metal to metal capacitors are employed, which reduces 

30 the parasitic capacitance in the circuit. Accordingly, the output voltage Vo is related 
to the input Vin voltage by the formula: VG=(n+l)Vin, where n is the number of charge 
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pump stages plus one. Consequentiy, in the exemplary embodiment, where n is seven 
and Vin generated by the low-pass filter 184 shown in Fig. 3 and Fig. 7 is 
approximately 0.5 V, Vq is 4 V, which is sufficient to guarantee operation in the 
triode region for the tunable MOSFET resistors in the circuit illustrated in Fig. 1 . 
5 In Fig. 9, a phase equalization cncuit for use in the active filter of Fig. 

1 is illustrated. Such a circuit is well known to one of ordinary skill in the art. The 
circuit is usefial to linearize the group delay characteristic of the fifth order filter of the 
exemplary embodiment illustrated in Fig. 1 . The output signals firom output tenninals 
35 and 36 of the active filter 100 illustrated in Fig. 1 are supplied to the input 

10 terminals 303 and 301 of the phase equalization curcuit, respectively. The signals then 
enter through two circuit paths. In the first path, the signals received at input 
terminals 303, 301 are appHed to capacitors 305 and 307, respectively. The signal 
then enters fully balanced amphfier 318, feedback capacitors 319 and 321 and 
variable n-channel MOSFET feedback resistors 325 and 323 connected between 

15 amplifier input terminals 315 and 317 and amplifier output terminals 329 and 327, 
respectively. The signals at arnplifier output terminals 329 and 327 are fed to the 
second circuit path, first to variable n-channel MOSFET resistors 331 and 337, then to 
a second fully balanced amplifier 348, feedback capacitors 347 and 349 coimected 
between amphfier input tenninals 345 and 343 and amplifier output terminals 351 and 

20 353, respectively. 

In the second ckcuit path, the input signal present at input terminal 301 
is coupled through variable MOSFET resistor 335 and capacitor 339 to inputs 345 and 
343, respectively of fully balanced amplifier 348-. The input signal present at terminal 
303 is coupled through variable MOSFET resistor 333 and capacitor 341 to iaputs 

25 345 and 343, respectively of fully balanced amplifier 348. The balanced output 
signals from amplifier 348 preset at nodes 35 1 and 353 are fed through variable 
MOSFET resistors 313, 311, to the input terminals 315, 317, respectively, of fully 
balanced amplifier 318. 

In the exemplary embodiment illustrated, the fully balanced amplifiers 

30 318, 348, capacitors 305, 307, 319, 321, 339, 341, 347 and 349, and variable 
MOSFET resistors 311, 313, 323, 325, 331, 333, 335 and 337 are respectively 
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identical in construction to those in the fully balanced amplifiers, linear capacitors and 
variable MOSFET resistors of the integrators 72, 71, 21, 22 and 23 of the active filter 
100 shown in Fig. 1, except the variable MOSFET resistors are each designed to have 
a nominal resistance of 10 kD at the same gate voltage used in the filter 100 of Fig. 1, 
5 and capacitors 339, 341, 347 and 349 each has a capacitance of 21.3 pF while 

capacitors 205, 307, 319 and 321 each has a capacitance of 8.3 pF. The gate voltage 
controlling the variable MOSFET resistors in the circuit of Fig. 9 is the same as that 
controlling the variable MOSFET resistors in the circuit 100 of Fig. 1 and is generated 
by the circuit shown in Fig. 3. 

10 The foregoing merely illustrates the principles of the invention m an 

exemplary embodiment. Various modifications and alterations to the described . 
embodiments will be apparent to those skilled in the art in view of the teachings 
herein. Particularly, the invention can be used in filters with numerous fi'equency 
response shapes, not simply the low-pass filter for a direct conversion or zero 

15 intennediate frequency receiver illustrated. Moreover, numerous deviations firom the 
circuit topology shown in the attached drawings are possible. By way of example, it 
is possible to eliminate the coupling capacitors 43A, 43B, 43C and 43D, and 58A, 
58B, 58C and 58D in the circuit 100 shown in Fig! 1. It will liius be fiiUy ^preciated 
that those skilled in the art will be able to devise numerous systems and methods . 

20 which, although not explicitly shown or described, embody the principles of the 
invention and are thus within the spirit and scope of the invention as defined by the 
appended claims. 
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CLAIMS 

1 . An active filter having a first filter input terminal, a second filter input 
terminal, a first filter output terminal and a second filter output terminal, comprising: 
a first fiiUy balanced integrator comprising a first fully balanced 
5 amplifier having a first non-inverting input, a first inverting input, a first 

inverting output and a first non-inverting output, a first capacitance element 
and a first variable value resistance element coupled in parallel between said 
first non-inverting input and said first inverting output, a second capacitance 
element and a second variable value resistance element coupled in parallel 
10 between said first inverting input and said first non-inverting output, a first 

linear resistance element coi5)led between said first filter input terminal and 
said first non-inverting mput, a second linear resistance element coupled 
between said second filter input terminal and said first inverting input, a third 
variable resistance element having a first and second end, said first end 
15 coupled to said first non-inverting input terminal, and a fourth variable 

resistance element having a first and second end, said first end coupled to said 
first inverting input terminal; 

a last fiilly balanced integrator comprising a second fiiUy balanced 
ampUfier having.a second non-inverting input, a second inverting input, a 
20 second inverting output and a second non-inverting output, a third capacitance 

element and a fifth variable value resistance element coupled in parallel 
between said second non-inverting input and said second inverting output, a 
fourth capacitance element and a sixth variable value resistance element 
coupled in parallel between said second inverting input and said second non- 
25 inverting output, a seventh variable value resistance element having a first end 
and a second end, said first end coupled to said second non-inverting input, 
and an eighth variable value resistance element having a first end and a second 
end, said first end coupled to said second invertmg input; 

a filter gain compensation stage comprising a third fully balanced 
30 amplifier having a third non-inverting input, a third inverting input, a third 

invertmg output coupled to said first filter output terminal and a third non- 
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inverting output coupled to said second filter output teiminal, a third linear 
resistance element coupled between said third non-inverting input and said 
third inverting output, a fourth linear resistance element coupled between said 
third inverting input and said third non-inverting output, a ninth variable value 
5 resistance element coupled between said third non-inverting input and said 

second non-inverting output, and a tenth variable value resistance element 
coupled between said third inverting input and said second inverting output; 

at least one intermediate folly balanced integrator coupled in 
succession between said first and last folly balanced integrator, each 

10 intermediate folly balanced integrator comprising a foxirth folly balanced 

amplifier having a fourth non-inverting input, a fourth inverting input, a fourth 
inverting output and a fourth non-inverting output, a fifth capacitance element 
coupled between said fourth non-inverting input and said fourth inverting 
output, a sixth capacitance element coupled between said fourth inverting 

15 input and said fourth non-inverting output, an eleventh variable value 

resistance element coupled between said fourth non-inverting input and the 
non-inverting output of the amplifier of a respective one of the folly balanced 
integrator coupled to immediately precede said intermediate folly balanced 
integrator, a twelfth variable value resistance element coupled between said 

20 foxirfh inverting input and the inverting output of the amplifier of a respective 

one of the fiilly balanced integrator coupled to immediately precede said 
intermediate folly balanced integrator, a thirteenth variable value resistance 
element coupled between said fourth non-inverting input and the inverting 
output of the amplifier of a respective one of the folly balanced integrator 

25 coupled to immediately succeed said intermediate folly balanced integrator, 

and a fourteenth variable value resistance element coupled between said fourth 
. inverting input and the non-inverting output of the amplifier of a respective 
one of the fully balanced integrator coupled to immediately succeed said 
intermediate folly balanced integrator; and 

30 wherem said second end of said third variable resistance element is 

coupled to the inverting output of the amplifier of a respective one of the at 
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least one of the intemediate fiilly balanced integrator coupled to immediately 
succeed said iBrst fully balanced integrator, said second end of said fourth 
variable resistance element is coupled to the non-inverting output of the 
amplifier of a respective one of the at least one intermediate fully balanced 
5 integrator coupled to immediately succeed said first fiiUy balanced integrator, 

said second end of said seventh variable value resistance element is coupled to 
the non-inverting output of the amplifier of a respective one of the at least one 
intermediate fully balanced integrator coupled to immediate precede said last 
fully balanced amplifier and said second end of said eighth variable value 
10 resistance element is coupled to the inverting output of the amplifier of a 

respective one of the at least one intennediate fiiUy balanced integrator 
coupled to immediately precede said last fully balanced amplifier. 

2. The active filter of claim 1, wherein said first and second linear 
resistance elements are fixed value polysilicon resistors. 

15 3. The active filter of claim 1, wherein said first and second variable 

value resistance elements are metal oxide semiconductor field effect transistors each 
having a source, drain and gate terminal, wherein the resistance between said source 
and drain terminals may be tuned by a voltage applied to said gate terminal. 

4. The active filter of claim 1, wherein the gain of said filter gain 
20 compensation stage corresponds to the ratio of the resistance of said first linear 

resistance element to the resistance of said first variable value resistance element. 

5 . . The active filter of claim 1 , wherein the resistance of said third linear 
resistance element is proportional to twice the resistance of said first linear resistance 
element. 

25 6. The active filter ofclaiml, further comprising a phase equalizer 

coupled to said first and second filter output terminals. 
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7. The active filter of claim 1 , wherein said at least one intermediate fiilly 
balanced integrator comprises at least a first, second and third intermediate fiilly 
balanced integrator, fiirther comprising: 

a seventh capacitance element, coupled between said first inverting 
5 input and said fourth inverting output of the fourth fiilly balanced amplifier of 

said second intermediate fiilly balanced integrator; 

an eighth capacitance element, coupled between said first non- 
inverting input and said fourth non-inverting output of the fourth fiiUy 
balanced amplifier of said second intemiediate fiiUy balanced integrator; 
10 a ninth capacitance element, coupled between said first non-inverting 

output and said fourth non-inverting input of the fourth fiilly balanced 
amplifier of said second intermediate fiilly balanced integrator; 

a tenth capacitance element, coupled between said first inverting 
output and said fourth invertmg input of the fourth fiilly balanced amplifier of 
1 5 said second intermediate fiilly balanced integrator; 

an eleventh capacitance element, coupled between said second 
inverting input and said fourth inverting output of the fourth fiilly balanced 
ampUfier of said second intennediate fiilly bsdanced integrator; 

a twelfih capacitance element, coupled between said second non- 
20 inverting input and said fourth non-inverting output of the fourth fiilly 
balanced amplifier of said second intermediate fiiUy balanced integrator; 

a thirteenth capacitance element, coupled between said second non- 
inverting output and said fourth non-inverting input of the fourth fiilly 
balanced amplifier of said second intermediate fiilly balanced integrator; and 
25 a fourteenth capacitance element, coupled between said second 

inverting output and said fourth inverting input of the fourth fiilly balanced 
amplifier of said secoiid intennediate fiilly balanced integrator. 
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